Recently, manufacturing of flat panel displays has been required to achieve high cost-performance and to concern about environmental issues. For these reasons, application of the lift-off process in place of the etching process to electrode pattern formation in manufacturing of plasma display panels was considered. To resolve problems in conventional lift-off process caused by inappropriate resist profiles, the inverselytapered resist profile with interstice was proposed, and its fundamental feasibility was experimentally proved. However, even if this resist profile is employed, the problems in the lift-off process still occur when its dimensions are inappropriately given. Therefore, proper design of that resist profile is important. Generally, design of the profile is achieved by iteration of two processes: one is calculation of thickness distribution of the formed electrode pattern, and the other is optimization of dimensions of the profile. It is required that the calculation process is carried out with small computational load and supplies useful information for the optimization process. For this reason, a calculation method which meets the requirements and a design method based on this new method were proposed. However, this calculation method considers only two-dimensional behavior of depositing material in a cross sectional plane. This paper describes enhancement of the calculation method by taking three-dimensional behavior of depositing material into consideration, and reports better consistency between calculation results by the proposed method and experimental results. interstice, and describes the necessity of proper resist profile design and film thickness calculation for the design. Section 3 refers to the method for thickness distribution calculation of deposited electrode material with small computational load proposed in the previous work, and then describes enhancement of this method by taking 3D behavior of depositing material into consideration. In Section 4, this 3D method is applied to the design method of the resist profile given in the previous work, and Section 5 presents conclusions.
Introduction
In the flat panel display (FPD) field, there has been recently a strong need for achievement of high cost-performance manufacturing. In addition, as with other electronics fields, the FPD field is required to concern about environmental issues. For these reasons, a research was carried out to apply the lift-off process in place of the etching process to electrode patterning in manufacturing of plasma display panels (PDPs) 1) . In the lift-off process, inappropriate resist profiles cause covering of deposited material on resist patterns which brings about serious problems in PDP manufacture. In that research, the inversely-tapered resist profile with interstice was proposed and its feasibility was experimentally proved. However, it was also reported that, even if this proposed profile is employed, improper dimensions of the profile still cause the same problems. Therefore, the inverselytapered resist profile with intersitice should also be designed
properly.
Design process of the resist pattern profile consists of iterations of the following two processes. One is calculation of thickness distribution of an electrode pattern formed in a given resist pattern profile. The other is optimization of dimensions of the resist pattern profile based on the calculation result. It is desired that the calculation process is operated with small computational load in a short time. Furthermore, it is also desired that the calculated result is given in a mathematical form to efficiently operate the optimization process by taking advantage of the mathematical information or employing a mathematical optimization framework. That research 1) provided a film thickness calculation method which meets the above requirements and then a design method of the resist profile using this calculation method.
In addition, an identification method of a process parameter in the calculation method and an enhanced design method considering optimization of multiple design variables were also given 2) . In that calculation method, depositing material is regarded as a particle with infinitesimal radius, and it is assumed that each of the particles approaches a substrate in accordance with a Gaussian-like angular distribution. By considering the range of angles with which a particle can arrive at each point on the substrate in the resist pattern, film thickness at each of the points can be calculated. However, this method considers twodimensional (2D) behavior of depositing material in a crosssectional plane of the resist pattern, and hence does not cover behavior of other depositing material in outside of the plane.
This paper enhances this 2D calculation method by taking three-dimensional (3D) behavior of depositing material into consideration, and provides a design method of the resist profile based on this 3D method. This paper is organized as follows:
Section 2 reviews the new film electrode patterning method via the lift-off process using the inversely-tapered resist profile with 1) . Although its feasibility was experimentally proved, it was also shown that the same problems still occur if dimensions of the profile are wrongly given. Therefore, the resist profile needs to be designed properly.
The inversely-tapered resist profile with interstice can be modelled as shown in Fig. 4 , where H is the thickness of the resist; a and b' are halves of resist pattern widths at the top and bottom of the inversely-tapered part, respectively; h and w are the height and depth of the interstice; T(x) stands for the thickness of the formed electrode pattern at the position x; l is the length from the entrance of the interstice (x= b') to the edge of the patterned electrode.
Although the dimensions H, a, b', h, w need to be determined, the former three dimensions H, a, b' are determined mainly by other reasons than those of the lift-off process; H is determined by line-up and choice of dry film resist, and this process is performed mainly from the cost point of view; One of a and b' is determined by specification of the electrode pattern; The other can be regarded as a design variable, but from the viewpoint of dominance to the problem of a covering of deposition material on resist sidewalls, this dimension is less dominant than the rest of the above five dimensions. For this reason, in this paper, this dimension is also regarded as a given one (The case where one of a and b' is regarded as a design variable was discussed in the reference 2). Therefore, H, a and b' are regarded as given parameters, and only h and w are considered as design variables.
Excessively small w or h, and excessively large h result in partial coverage of the electrode pattern on the resist sidewall, and then cause turning-up of the electrodes. Excessively large h also results in large l, which means low pattern accuracy. Therefore,
proper design of h and w is necessary.
Design process of the resist profile consists of iteration of the following two processes. One is the calculation process of the thickness distribution of an electrode pattern formed in the resist profile with the given three parameters and the two design variables which values are temporarily determined. The other is the optimization process of the temporarily given resist profile based on the calculation result. As stated in the previous section, the calculation process should be operated with small computational load in a short time, and the calculated result is desired to be given in a mathematical form. In the semiconductor field, there have been proposed a lot of deposition simulation methods taking a string approach 3 4) , a ballistic approach 5 6) , a cellular automaton approach 7) , a Monte Carlo approach 8 10) , etc. It is natural to apply them to the calculation process. However, these methods generally require large computing power and long computation time, since behavior of all deposition material is necessary to be simulated. In particular, when these methods are applied to the deposition process in PDP manufacture, this computational problem becomes more serious since pattern scale is much larger than that in the semiconductor field. In addition, thickness distribution obtained by these methods is numerical and therefore it is not useful enough for the optimization process.
Thus, existing deposition simulation methods do not meet the above requirements from the viewpoint of resist profile design.
Hence, we proposed a calculation method which satisfies those requirements 1) . In the next section, this calculation method is described and then enhancement of the method is given.
Calculation Method of Thickness Distribution of Electrode Pattern
This section describes the thickness calculation method in our previous work which meets the requirements of calculation with small computational load and of supplying useful information for the optimization process. Then, the method is enhanced by considering 3D behavior of depositing material, and its effectiveness is shown by some case studies.
Calculation Method Based on 2D Model
The following assumptions are introduced concerning to deposition phenomena:
Assumption 1
The 
As shown in Fig. 6 , the incoming angle with which a particle reach the point in the resist pattern (x, 0) is in the range from m (x) to M (x). Since particles reach the point with the possibility p( ), the amount of the particles which reach the point in a unit time, f (x), is given by the followings: 
and the scalar is given by (9) Therefore, the whole thickness distribution is calculated by the following approximation:
This can be easily calculated, since the error function can be efficiently calculated numerically by using approximation formulae. In addition, as described in Section 4, the thickness of only some points need to be calculated for the design of the resist profile. Therefore this is achieved with small computational load.
The length from the edge of the interstice to the edge of the electrode pattern is also required to be calculated for the resist profile design. This is given as follows by geometrical relationships:
where c=(Hb'+ha)/(H-h) is the position of the most inward point in the interstice at which depositing partcles can directly arrive.
Equation ( another extreme process, which we call G process, where depositing particles reach the substrate after perfectly elastic collision at the resist sidewall (Fig. 7) . By considering this G process, the length from the edge of the interstice to the edge of the electrode pattern, l G , is geometrically given as follows:
By the equations (11) and (12), the length from the edge of the interstice to the edge of the electrode pattern is given as follows:
Remark 1
In the previous paper in which this method was proposed, the of thickness distribution, the G process can be ignored. 
Extension of 2D Calculation Method to 3D Model
The 2D model considers behavior of depositing particles in the zx-plane, and does not take deposition particles coming from outside of the plane into consideration. In this subsection, the 2D model is enhanced by considering 3D behavior of all depositing particles.
Let consider the resist line pattern having the inverselytapered profile with interstice as shown in Fig. 8 , and assume that Assumption 2 holds in any plane which is vertical to the substrate ( 
Note that these relationships are independent of the y-coordinate value of P, since the considered resist profile is uniform with y.
This results in uniformity of the thickness distribution with respect to y. Therefore, without loss of generality, we focus on 
By the same argument in the 2D model, if the specified film thickness is small enough, the whole thickness distribution is calculated by the following equation:
As stated in the previous subsection, for the design of the resist profile, the length from the edge of the interstice to the edge of the electrode pattern is required to be calculated. In S(x, 0, φ),
the v-coordinate value of the most inward point in the interstice where a depositing particle in this plane can reach directly is given by geometrical relationships as (c-x)/cosφ, where c is defined as same as in the 2D model (11). Therefore, the xcoordinate value of the most inward point in the interstice in zx- 
This means, the x-coordinate of the most inward point in the interstice in the zx-plane where a depositing particle can reach directly, is determined without relation to φ as follows:
Therefore, the length from the edge of the interstice to the edge of the electrode pattern based on the F process, denoted by l F , is same as that by the 2D model given by (11).
As also stated previously, depending on utilized deposition method, the assumed dominance of the F process is invalid for 
Therefore, the x-coordinate value of the most inward point in the interstice in zx-plane where a depositing particle can reach through the G process from the direction of the angle φ, is obtained by moving P(x, 0, 0) in the direction of +x to the point at which the value of (22) is equal to 0, and descibed as follows:
Therefore, the length from the edge of the interstice to the edge of the electrode pattern based on the G process is given as follows: Since B(φ) takes the maximum value at φ=0, (25) is reformulated as (12) which is derived in the 2D model. Hence, equations (11), (12) and (13), which give the length from the edge of the interstice to the edge of the electrode pattern in the 2D model, also hold in this 3D model.
Evaluation of Proposed Model
For evaluation of the proposed calculation method, calculated results were compared with experimental results. 
Remark 2
In the early stage of the electron device research area, 
Profile Design Based on 3D Calculation model
The 3D calculation method given in the previous section has been proved to be usable to the iterateive design process. In this section, this 3D model is applied to the resist profile design method which was proposed previously 1) .
Requirements for the profile design are described as follows:
A) To assure high pattern accuracy.
B) To avoid partial coverage of the resist sidewall by the electrode pattern.
These requirements are sufficiently described as the following conditions:
A') To minimize the height of the interstice h.
B') To keep enough value of h and w such that the resist sidewall is not covered by the electrode pattern.
These requirements are defined as the mathematical programming problem finding minimal h and w which satisfy
T ( b',h)<h and l(h)<w (Since T(x)
and l in Section 3 are dependent on h which is now a design parameter, they are re-
described as T(x,h) and l(h)). Since w is independent of T(x,h), this quantity can be given independently from h as long as l(h)<w
is satisfied. Therefore, the design problem can be divided into two processes: one is the optimization process of h, and the other is the decision process of w. The former is the optimization process of just one variable. Based on the above description given in the previous work, the following simple iterative method based on the bisection method can be proposed using the 3D calculation method.
Method
Step 1 Assign an adequately large value to the initial value of height of the interstice h 1 so that h 1 -T ( b',h 1 )>0 holds.
Set h 0 as 0 and also the counter i as 1. Let tol 1 be a constant for minimization accuracy, and tol 2 be a constant for margin.
Step
Calculate T ( b',h i ) by equation (18). If h i -T ( b',
h i )>tol 1 , then go to Step 3; otherwise, go to Step 4.
Step 3 Define h i+1 :=h i -|h i -h i-1 |/2, and go to Step 5.
Step 4 Step 5 Increment i:=i+1, and go back to Step 2.
Step 6 concerning to prediction of film thickness distribution described in Section 3, this design result can be regarded as a credible one.
Conclusion
This paper has discussed the design problem of the inversely- and then thickness distribution can be calculated by equations (18) and (A2). Unlike the case described in Section 3.2, where both 1 and 2 are 0, the equation (A2) which is given in double integral form cannot be expanded to single integral unfortunately.
Therefore, double numerical integration is necessary for calculation of thickness distribution, and this involves larger computational load than (18). However, thickness calculation of just one position, which is required for resist profile design, takes only a few minutes. Considering this fact and the feature that useful information for optimization can be obtained, this method still has certain advantage even in this case.
For evaluation of these models, a deposition experiment was Considering errors of the tilt angle when setting the substrate, these results can be regarded as successful one, that is, the proposed models can simulate the experimental result well enough even when the substrate is set on a deposition device with a tilt. 
Fig. A2
Relation between the coordinate systems of the substrate and device.
(a) SEM micrograph of experimental result.
(b) Calculated thickness distribution compared to experimental result.
Fig. A3
Experimental and calculated results by EBPD to tilted substrate.
